The DART (Discrete Anisotropic Radiative Transfer) model simulates radiative transfer in heterogeneous 3-D scenes; here, a forest plantation. Similarly to Kimes model, the scene is divided into a rectangular cell matrix, i.e. a building block for simulating larger scenes. Cells are parallelipipedic. The scene encompasses different landscape features (i.e. trees with leaves and trunks, grass, water, soil) with specific optical (reflectance, transmittance) and structural (LAI, LAD) characteristics. Radiation directions are subdivided into contiguous sectors with possibly uneven spacing. Topography, hot spot and multiple interactions (scattering, attenuation) within cells are modeled. Diffuse atmospheric radiation is input at this leveL Multiple scattering is represented with a spherical harmonic decomposition, for reducing data volume. The model iterates on step 2 for all cells, and stops with the energetic equilibrium.
INTRODUCFTON
Modeling the interaction of radiation with terrestrial surfaces is often a prerequisite for conducting research activities in several domains. Two types of application of interest for environmental studies are mentioned here. The first deals with vegetation studies with the help of remotely acquired information. In many cases, retrieval of information from remotely sensed data would benefit of the use of three dimensional (3-D) models that give reliable representation of the spectral behavior of bi-directional reflectance factors (BRF) of terrestrial surfaces. This is especially true when it is intended to determine optical (e.g. albedo) and structural (e.g. LeafArea Index (tAT)) characteristics ofthese surfaces. Quantification of vegetation functioning is another important domain of application of radiative transfer models coupled with leaf physiological models. Indeed, vegetation development is directly influenced by the within stand radiation regime and the photosynthesis function ofvegetation elements.
Various approaches have been developed in the past to model radiative transfer within canopies. They are based on mathematical formulation the complexity of which depends on their objectives. They include empirical functions', semi empirical functions2, simulation models with ray tracing, radiosity and Monte Carlo techniques3'4, geometric models5, turbid models with the discrete ordinate method'7, turbid models based on simplifications of the radiative transfer function8, and turbid models with approximations of the radiative transfer function of Kubelka and Munk9"°. Depending on their complexity and on the type ofavailable measurements (i.e. nadir, directional), these models are more or less convenient for retrieving pertinent information on land surfaces. Moreover, the accuracy that can be expected is largely dependent on the type of surface that is observed; e.g. the albedo derived from a unique spectral directional observation of surfaces with an anisotropic BRF should be erroneous. 3-D leaf canopy transport models such as the K-K model of Kimes and Kirchner'1"2 are required in this context.
The K-K approach is similar to the discrete ordinate method in that radiation is restricted to propagate in a finite number of lirections in a 3-D scene represented as a cell matrix. However, the K-K model presents some serious drawbacks7. First, the set of equally spaced discrete directions is far from optimal for accuracy and computer thne purposes. Moreover, several important simplifications are assumed at the level of within cell scattering: (1) within-cell multiple scattering is totally neglected, and (2) cell scattered radiation necessarily escapes from the center of the cells. These simplifications lead to important errors whenever cells are not infinitesimal. This is typically the case for remote sensing studies which should deal with relatively large cells in order to allow one to work with scenes that are not too small.
The DART (Discrete Anisotropic Radiative Transfer) model presented in this paper simulates 3-D radiative transfer.
Similarly to theK-K model, it is based on the discrete ordinate method and the scene is a rectangular solid made of adjacent cells; i.e. it is a cell matrix. The above mentioned drawbacks are corrected, and additional physical mechanisms (e.g. hot spot and relief) are introduced for obtaining more realistic modeling ofcanopy 3-D transport and photosynthesis rates.
REPRESENTATION OF THE SCENE
Unlike the K-K approach the inthvidual cells that constitute the scene have not necessarily identical dimensions (ix, iy, z) along the Ox, Oy and Oz axes. Individual cells are identified by the x,y,z coordinates of their centers. They can stand for different types of elements: leaves, soil surface, grass, water, trunks, etc., with their associated optical and structural characteristics. The cell information content is specific to each cell and is a constant for the whole cell. If necessary, the operator can easily add other types of elements, provided he knows their optical and structural characteristics. Lower (upper) cells of the scene have an altitude level z=O (z'H). The total number of cells is I=(Y.A)/(xyAz) where iX, iY and iZ are the Cartesian dimensions ofthe scene.
The K-K approach is adopted for dealing with boundaiy interactions. It is assumed that the whole scene to analyze can be considered as the juxtaposition of identical cell matrices. This hypothesis relies on symmetric considerations. Consequently, the above mentioned cell matrix is a simple building block that when replicated will simulate the entire scene. With the assumption that all neighbor cell matrices have identical optical behaviors, it results that as a source vector escapes the sides of the cell matrix being sinlated, there is an equivalent source vector escaping an adjacent cell matrix which enters the simulated cell matrix at a symmetric position. It means that the radiometric behavior of the entire scene can be simulated through the analysis of an individual cell matrix. The dimension of this cell matrix depends only of the basic unit of structural repetition within the scene; e.g. it is smaller for homogeneous tree plantations than for disturbed dense forests. The DART model starts with the determination of all cells encountered by any vector source that propagates along possible discrete directions ( J. The within cell propagation length M1 and position of entrance are also computed for each cell i.
Radiation transport
The general transfer equation of steady state monochromatic specific intensity I(r, ) at a position rand along a direction is:
].I(r,) = -a(r, ).I(r,f) + Jd(r,c'_c).I(r.c').d.Q' (1) p., Ti and are directional cosines with respect to the z, y and x axes, a(r,) is the extinction coefficient and a(r, '-fl) is the differential scattering coefficient for photon scattering from direction (a') into a unit solid angle about direction ( ). Specifically adapted discretizing levels allow one to optimize the accuracy of specific intensity I(r, ) and its moments.
Studies are often conducted with Gauss quadrature sets7. In the 1-D case these sets are symmetric about i=O, and the weights are positive. Let us examine briefly the case of a leaf canopy. Assuming, that the differential scattering coefficient is symmetrical, i.e.
V(fl,'), the energy balance condiüon, i.e.
a(r, '), where a(r,') is the scattering coefficient, implies that
v=1 u=1
This condition is met ildifferential scattering coefficients are divided by:
..' 4
To satisfy the condition of symmetry7, the left. and the right-hand side of the discrete equation (2) must be multiplied by C.tP(Q). This leads to:
[l:Ii. + n1.;j; +
I(r,) = (r,).I(r,) + Z Z + Q(r,) (5)
. J v=lu=1 where the coefficients are:
In fact, if the scattered radiation is not too highly anisotropic, any increase ofthe number ofdiscrete directions leads to:
Then, the discrete radiative transfer equation is simply:
where W(r, 2j and W(r,fl)
Hereafter it is assumed that conditions (7) are satisfied. If it is not true, then coefficients of(8) must be modified according to (6) . Moreover, for better clarity, the N discrete directions will be simpiy represented by with flE [1 NI.
The iterative approach
Incident irradiance, i.e. direct sun radiation and atmospheric radiation that may be anisotropic, is represented as a number of source vectors that irradiate directly each cell of the upper surface of the scene ( The transmission factor ofa radiation that propagates along ( J through a foliar cell "i" is:
T(iMj, ) = exp[-G(i,).uj(i).zMj
where is the mean projection of the leaf noals in cell "i" and is the total path through the cell 'i" along direction ().
First order scattering
The propagation (Fig. 3 ) of a specific intensity I(l,c ,) throughout cell i along direction ,, where 1 is the pathlength from the entrance point of cell i, gives rise to the scattering of a total specific intensity l ,-) along direction . 
where W(A1) = I(0,).i.[1 -T(i$)] is the source vector that is intercepted along the path (i1). The specffic intensity along direction can be written:
where W(0,)=I(0,).. is the value of the vector source, along direction ( ), at the entrance of cell i, and P($) is the normalized area scattering phase fimction:
Ifthe leaf scattering phase function is simply lambertian with a hemispherical reflectance pfand transmittance r then
The total radiation scattered in the 4rc space by specific intensity is: Wd(Mj,s) fS(ls_4v).d.Qv (12) is the specific intensity that originates from cell i along direction () in the absence of further interaction within cell i. It is a first order scattering. In fact, J(Al5-2) undergoes further scattering before escaping the cell. Here, it assumed that J(bdJ2,-2) originates from a unique point, called middle point (M,), within the cell, and not from the center of cell i. However, the geometrical direction of any scattered radiation is simulated from the center of the cell. M5 is defined as the point along the path (l) such that 50% of the total intercepted radiation W(il1,2) is intercepted before this point. The pathlength between (Ms) and the entrance point of cell i is called &. The introduction of the middle point is particularly interesting for cells with large ufvalues and off-nadir illumination directions. We have:
The scattered radiation that escapes cell i along () corresponds to the attanuation of l,-Q) within cell i after a propagation length ts() from the middle point (M,). It is a first order scattered specific intensity:
= .
The total first order scattered radiation by radiation in the 4ic space is:
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Multiple scattering
Interception (Fig. 3 ) of specific intensity (A1j, ) along the distance leads to multiple scattering mechanisms.
where Ctis the mean scattering coefficient of diffuse radiation. With lambertian leaves (hemispherical reflectance p and transmittance tdj) incell i: üj + It is assumed that the associated specific intensity IM5-) is proportional to W1 5), to the transmittance along the path s() and to the normalized area scattering phase function
IMi,Z-4) = W(iM; ). Id(Ali, Z-) = + 1J) (18) In fact, each cell can be irradiated by different source vectors that propagate along the same direction (f). We call this total number ofsource vectors. Consequently, the total scattered radiation that escapes cell i along direction () is:
Ido-z
The above mentioned first and multiple order scattering mechanisms occur for each order ofiteration. Hereafter, they are referred as step 1 and step 2, respectively.
Hot spot effect
Let us consider an incident radiation I(1, ) that is scattered by a foliar cell i along direction (). The attenuation mechanisms that occur along the scattering direction ( ) are more or less correlated with those occurring in the direction (: ). The correlation value depends on the scattering angle, and on the size of the scatterers vs. their depth in the foliar medium. The approach of Kuusk'3 is adapted in order to take into account the fact that cells are not infinite horizontal media. It results that the attenuation along direction () is not but: Id(LlA-3n) = i n-l C.y (8,) where Y(O,4) are the normalized spherical harmonics and C the associated coefficients. The spherical harmonics decomposition is well adapted to approximate relatively smooth functions defined on the sphere, with a finite number of terms. This number is much less important than the total number N of discrete directions. A diffuse smoothly varying distribution of specific intensity will typically require fewer coefficients than a very directional one.
In short, when a radiation I(Alj,J is intercepted by a cell i, all coefficients C relative to the angular distribution Id(Al1,Q-9fl), are computed and stored. Whenever another incident radiation encounters cell i, whatever its incidence direction, its associated C coefficients are computed and simply added to the previous C coefficients ofthis cell.
The spherical harmonies decomposition is not used during iteration 1. Indeed, the simple knowledge of the intercepted radiation and of the middle point, combined with the fact that sun direction is known, is less computer memory demanding than the spherical harmonies based approach, and moreover, it leads to more accurate results because the spherical harmonies decomposition andits inversion are not performed.
Non leaf cells
Major characteristics ofthe interaction mechanisms ofnon leafcells are briefly introduced below. 
it.(z= )
Without any atmosphenc radiation, the upper cell bi-directional reflectance factor is: R(3,) =
PREMIMINARY RESULTS AND DISCUSSION
A study was started for testing the DART model with O.80m resolution data from an airborne SPOT HRV simulator. Twc forest plantations (maritime pine and poplar), south west France, were overflown. Both areas are well documented (i.e. ro spacing and width, tree density, dbh, canopy depth, understory vegetation,...). Due to technical constraints, the airborne date were available too late for conducting any sensible work. Consequently, only preliminary results are presented hereafter.
Simulation of BRF
A first series of tests were conducted with the SAIL'° model, for homogeneous leaf canopies. Different configurations (i.e. variable numbers of discrete directions and cells, sun directions, and optical and structural canopy properties) were tested. Figure 4 shows BRF values obtained with 15° spaced discrete directions (i.e. 288 discrete directions), with e=3O° and 3=1SOO, for a canopy with a LeafArea Index (LAT) equal to 2, and for two spectral domains:
-visible (p='t=O.O5): after a unique iteration the DART simulated radiation, i.e. first order scattered radiation Id1(LMi, Z-Q), is similar to the SAIL simulated radiatioa -near infrared (p=t=O.45): after 5 iterations the DART derived BRF is very close to the SAIL derived BRF.
In both cases, the hot spot effect is clearly visible, and larger differences occur at larger observation angles. As expected, BRF values are constant when the dimensions of the cell matrix (e.g. 16x16x16 or lOOxlOOxl6 matrix cell) and/or the number of discrete directions (e.g. 288 or 72 directions) are modified, provided these numbers are safficiently large fox avoiding side effects induced by the space and angle discretizing approach.
Simulations were also conducted for heterogeneous covers. Naturally, computer times simulations are all the more important than the numbers of discrete directions and cells are large. In fact, only cells with an information content play a significant role; e.g. a lOOxlOOx3O cell matrix and a 40x40x30 cell matrix with the same number of "filled" cells lead to identical computer times. Important differences (up to 20% depending on configurations) were Obtained with K..K derived BRF values. They were especially important with large size cells. These differences arise from an important simplification of the K4( model: this model does not take into account within cell scattering and considers that any scattered radiation originates ifom cell centers; e.g. with the K-K model the radiation scattered along direction ()bycell i, due to an incident radiation along direction ( ), is the component ( (Fig. 5.a) .These BRF values display a very important spatial variability. This variability is particularly due to shadow effects between the different components of the scene. It should be noted that the near infrared BRF of cell 9 does not display a local maximum for the hot spot configuration, as it should be in an homogeneous cover, but for a direction that is in-between the hot spot direction and the observation direction for which there is a maximum of apparent LAI. This effect is not observed in the visible domain because visible BRF values increase very little with LAI increases above LA12. Figure 5 shows also the mean scene BRF. Naturally, this latter differs a lot from the BRF value ofhomogeneous covers with the same LAT (Fig. 4) .
Simulation of canopy photosynthesis rate
Coupling of a canopy radiation transport model with a leaf physiological model allows one to investigate in a quantitative way canopy photosynthetic rates and productivity, and in a thither step to analyze the relationship between those quantities and remotely acquired data and associated indices. Moreover, this approach should allow one to assess the variability of these relationships with remote sensing experimental conditions, canopy structural characteristics, foliar optical properties, presence of underneath soil and water surfaces, etc. In a first approach a simple mathematical formulation of leaf photosynthetic radiation'5 response was introduced in the DART model:
M.Ph2 -(C.Wa + PhJ.Ph + EWa.Phj 0 where M is a dimensionless factor, Wa (W.m2) is the photon irradiance on the leaf surface, Ph (mol.m2.s') is the gross photosynthetic rate, €dPb/dWa 5 W40, and P (kg.m2.s1) is the asymptotic value ofPh as Wa_30c.
This coupling allowed one to obtain the density distribution of canopy photosynthetic rates. Naturally, this distribution is very heterogeneous. Its knowledge led to the computation of the mean canopy interception and photosynthesis efficiendes', i.e. coefficients that are widely used for global survey ofvegetation primary production. These first simulations appeared to be in agreement with results that Myneni et aL'7 Obtained with the coupling ofa three dimensional radiative transfer model6 and a semi empirical mechanistic model'8 of leaf photosynthesis and stomatal conductance. For example, it clearly appears that the heterogeneity pattern of a cover is a better determinant of the radiation regime and of the mean canopy photosynthesis rate, and consequently of the canopy photosynthesis efficiency, than the Leaf Area Index. For example, an heterogeneous canopy, depending on its clumping degree, may have a canopy photosynthesis efficiency that is down to 50% ofan homogeneous cover with the same LAI value.
CONCLUDING REMARKS AND PROSPECTIVE
The DART (Discrete Anisotropic Radiative Transfer) model was developed in order to simulate radiative transfer in heterogeneous 3-.D scenes, with two complementary objectives in mind. First, to contribute to improve our understanding and interpretation ofremotely acquired data e.g. for better determination ofthe albedo of surface targets. A major advantage of the DART model comes from its capability to simulate radiation propagation, and consequently BRF, with scenes that may encompass topography and very different types of elements (leaves, grass, soil, water, trunks), with any spatial distribution. Most important physical mechanisms (hot spot, heterogeneous atmospheric irradiance, etc.) are simulated; polarization modeling is being introduced. The number and orientation of discrete directions, and the number of cells can be selected a-priori by the operator. Second, the coupling of the DART model with a leaf physiological model leads to an assessment of the volumic distribution of photosynthetic rates within a canopy, and consequently the mean canopy photosynthetic rate. Undoubtedly, this is a preliminary approach in the sense that the photosynthetic function of vegetation elements depends, in addition to the irradiance, on other environmental factors (e.g. temperature, humidity, resistance against the transfer of carbon dioxide from the bulk of the air to the canopy, and internal state of leaves) we plan do deal with in the future.
In a first series of tests the DART model was successfully validated against results of the SAIL model, in the case of homogeneous covers, with different sun directions, canopy optical and structural properties, and dimensions of the scene. Another series of tests was also conducted with heterogeneous covers. Mean BRF values were definitely lower than BRF values of homogeneous covers with similar LAI values, in agreement with satellite measurements of heterogeneous landscapes. Moreover, BRF values had variations that matched expected observations. Naturally, these encouraging preliminary tests should be pursued for a complete validation of the DART model. In this context, two complementary approaches are being implemented. First, it will be conducted analyses of model sensitivity to the input parameters (optical, structural, and biological). Second, forward model calculations will be compared (1) with laboratory and field BRF measurements of natural and artificial targets, and (2) with high resolution remote sensing data acquired during two recent airborne campaigns that CNBS (French Space Center) and ESA (European Space Agency) organized over two well documented (tree spatial distribution, height, etc.) types oftemperate forests.
The DART model is to be used in combination with remote sensing data. However, due to present memory capacity constraints, the DART simulation ofthe optical and biological properties oflarge 3-D scenes demands that cells have not too small dimensions. In fact, the DART model was designed in order to overcome this constraint in a simple way: the scene is simulated with a reasonable number oflarge size cells the scattering phase function ofwhich has been individually simulated in a preliminary phase with DART, using small size cells. Depending, on the spatial extent and characteristics of the scene the large size cells should represent scene objects the spatial extent ofwhich is more or less important.
A further essential objective will be to investigate the invertibility of the DART model with present and future directional (e.g. NOAA AVHRR, Polder) and spectrometric (e.g. MERIS, MISR) remote sensing systems for retrieving optical, structural and biological input parameters. This approach is essential for calculating reliable surface state variables (e.g. spectral albedo, canopy photosynthetic efficiency, etc.) from a limited set of spectral and/or directional reflectance measurements from space.
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